D=A105 193

INCLASSIFIED

ADVISORY GROUP FOR AERQSPACE RESEARCH AND DEVELOPMENT==ETC F/G 17/2
SPECIAL TOPICS IN OPTICAL PROPAGATION. (U)
JUL 81 P HALLEY

AGARD=CP-300

z
F3

T
.
T
T
ENEEEE
T
[ I
T




o ) AGARD-CP-300

AGARD-CP-300

AN@INE

ADVISORY GROUP FOR AEROSPACE RESEARCH & DEVELOPMENT

TRUE ANCELLE 92200 NEUILLY SUR SEINE FRANCE

MA105193

AGARD CONFERENCE PROCEEDINGS No.300

Special Topics in Optical Propagation

This document has bazn approved
f2r p bli- 1:l:aze and wal- its
Jrorah oo 1 undigeited.

ON BACK COVER

81 10 6 244

ar
o
()
Ll
|
reg ‘
DISTRIBUTION AND AVAILABILITY




rr o | — —
-

/s
- AN 7AGARD-CP-3¢0

"\
)
!

NORTH ATLANTIC TREATY ORGANIZATION
{ ADVISORY GROUP FOR AEROSPACE RESEARCH AND DEVELOPMENT

1 (ORGANISATION DU TRAITE DE L’ATLANTIQUE NORD)

Vn
:/ |

-
P I:

AGARD/Conference P(bceedings 300

e —— e e it e,

(p SPECIAL TOPICS IN OPTICAL PROPAGATION , 3
Edited by

( P.Halley

d Capitaine de Frégate honoraire

; : 12 rue du Docteur Kurzenne
78350 Jouy en Josas

| France

Papers and Discussions presented at the 28th Meeting of the Electromagnetic
Wave Propagation Panel held in Monterey, California, USA, 6—10 April 1981,




PRy

THE MISSION OF AGARD

The mission of AGARD is to bring together the leading personalities of the NATO nations in the fields of science
and technology relating to aerospace for the following purposes:

~ Exchanging of scientific and technical information;

— Continuously stimulating advances in the aerospace sciences relevant to strengthening the common defence
posture;

~ Improving the co-operation among member nations in aerospace research and development;

— Providing scientific and technical advice and assistance to the North Atlantic Military Committee in the field
of aerospace research and development;

~ Rendering scientific and technical assistance, as requested, to other NATO bodies and to member nations in
connection with research and development problems in the aerospace field;

— Providing assistance to member nations for the purpose of increasing their scientific and technical potential;

— Recommending effective ways for the member nations to use their research and development capabilities for
the common benefit of the NATO community.

The highest authority within AGARD is the National Delegates Board consisting of officially appointed senior
representatives from each member nation. The mission of AGARD is carried out through the Panels which are
composed of experts appointed by the National Delegates, the Consultant and Exchange Programme and the Aerospace
Applications Studies Programme. The results of AGARD work are reported to the member nations and the NATO
Authorities through the AGARD series of publications of which this is one.

Participation in AGARD activities is by invitation only and is normally limited to citizens of the NATO nations.

The content of this publication has been reproduced
directly from material supplied by AGARD or the authors.

Published July 1981

Copyright © AGARD 1981
All Rights Reserved

ISBN 92-835-0295-7

&

Printed by Technical Editing and Reproduction Ltd
Harford House, 7—9 Charlotte St, London, WIP 1HD




THEME

Recent measurements and developments in optical propagation in the air and in the
. sea have opened the door to applications of significant importance to military systems.

As an example, transmission measurements in the marine boundary layer have
demonstrated that light beams are strongly scattered in the forward direction by hydro-
weteors; as a result, communication links may be possible beyond line of sight. Another
example is improved modeling of the upper atmosphere and related propagation effects,
which allows high altitude sensing systems to discriminate between target and background
radiance.

Such phenomena and others peculiar to atmosphere and marine environments offer
unique possibilities to communicate between space based and submerged platforms as
. well as pointing the way to remote observations. The resultant applications to communica-
tion and surveillance are of great interest to the military.

This meeting reviewed these propagation phenomena to establish their limitations on
transmitting and receiving equipment and bring out military implications and applications.
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EDITOR'S INTRODUCTION

1. The purpose of the technical meeting on "Special Topics in Optical Propagation”
which was held in Monterey, California, US, was to review the new elements of knowledge
which are technically utilizable, and the new elements of development in the field of
propagation and optical devices, which have a direct military application to communi-
cations and reconnaissance.

Two sessions were devoted to the reconnaissance of sea traffic from surveillance
satellites: Session III on "The Effects of the High Atmosphere (theory and experiments)"
and Session VI on "Adaptive Optics".

One Sesslon, Session I dealt with strategic communications and, more particularly,
communications with submerged submarines, which depend on propagation,

Measurements were the subject of Session II, and instruments, laser sources, special
filters, etc. were covered in Session IV.

The new points in the field of optical propagation are concerned with:

the air, for the upper atmosphere,
the water, for radiative transfer,
glass, for non linear effects.

Optical transmission between a satellite and a submerged platform is based on these
results.

2. In his opening speech at the AGARD EPP Symposium on "Electromagnetics of the Sea",
which took place in Paris in 1970 (see AGARD C.P.77), Vice Admiral O'Grady, from the
US Navy General Staff, requested the assistance of AGARD EPP for investigations on non
acoustic means of sea surveillance, and empecially on electromagnetic means for the
detection and location of submarines.

The EPP meeting on "Optical Propagation in the Atmosphere" which convened in Lyngby
(Denmark) in 1975 (see AGARD C.P. 183) and the EPP meeting held recently in Monterey,
California, on "Srecial Topics in Optical Propagation” provide partial replies, or
elements of replies, to Vice-Admiral O'Grady's request.

However, it should be pointed out that, while the extent of our knowledge on optical
propagation in the atmosphere 1s relatively satisfactory as regards the understanding
and modelling of phenomena, the computation of results and their good agreement with
experience, the same does not apply to optical propagation in the water, a recently
opened field of research where scientific and technical activities have only been
developing for a few decades, whereas optical research in the atmosphere has been going
on since the beginning of instrument optics.

on the other hand, experiments in sea water, and the acquisition of a sufficient amount
of high quality data are certainly more difficult and more costly than in the atmosphere.

A considerable effort should be made in this area, because, as regards the propagation
of light, and due to the presence of noise sources, the ocean water varies much more
with the location considered than the atmosphere.

Much remains to be done. However, it is already known that interesting possibilities
exist when the conditions are favourable in the water, and, if necessary, in the air.
The purpose in view is of course to extend these possibilities to less favourable con-
ditions and to determine accurately the natural constraints.

3. 1In addition, at Monterey, various important contributions were made in the fields
of optical propagation, laser sources in the blue-green, detection, on optical fibers
and non-linear effects.

In this respect, it should be recalled that the use of the laser has made it possible
to obtain electric fieldi of an intensity comparable to that of the intra-atomic field,
that is approximately 10 O v/m , and to induce a non-linear polarization in non ferro-
electric media, either in the mass of crystals or amorphous bodies, or in solid or
liquid core optical fibers.

Thus, the technology of these non-linear effects and mainly of the Brillouin scattering
and the stimulated Raman effect has developed during the last few years (see "Fiber

and Integrated Optics", NATO Advanced Study Institute Series: B 41 (1978))) It has

led to a good understanding of the physical phenomena involved, and to the presentation
of a theory confirmed by experience.

Among the various results achieved, that which appears the most important and the most
stimulating for the imagination is the phase conjugation response, either by Brillouin
backscatter or by a degenerate mixture of four waves.




To make a brief description of this matter, let us say that the medium which receives
the field of angular frequency, whose expression is E = R.|y (x,y.z)e)w!] produces the field

Epe. = Rel¢*(x.y. 2)ei@!l] = Re[y(x.y. 2)e 7wy
where ¢* is the conjugate imaginary quantity of y. Hence the appellation of "Reflection

by Conjugation of Space Phase". The reflected wave travels back along the path of the
incident wave.

For the time being, high reflectivity has been obtained at low power densities, on
small size samples. This is only the initial phase of this work, but it seems to hold
good promise.

For the production of fusion nuclear energy, activation through the heating of small
material pellets containing a mixture of deuterium and tritium could use high intensity
u.v. light beams, automatically aimed at the pellets, by phase conjugation, from the
light emitted by the pellet itself.

For the transmission of the solar energy between a space station and an earth station.
the high Intensity beam would be automatically aimed at the earth station by the

4 - sounding signal emitted by this station and sent back, amplified, by the space station,
along the very same path.

Thus, in the long term, non linear optics seems to be potentially capable of solving
many adaptation problems.

In the field of chemistry and pollution, the identification and quantity determination
of pollutants such as SO or nitrogen oxides in the atmosphere can be carried out at

a distance, in real time, by optical means, for the protection of the environment and
for defence purposes.

Sach methods utilize the interaction of the light of a laser with the atmospheric
molecule to determine the composition at a distance.

New possibilicvies are being opened for optical fibers, in a new band in the vicinity
of 1600 nm, if these hopes are confirmed, it will be possible to leave a space of
100 km or more between repeaters on the cables for sub-marine or ground communications.

It should be pointed out that optical fibers and cables offer a high transmission
reliability due to their invulnerability to jamming and the extreme difficulty of
interception. 1In view of these advantages which are to be added to many others, the
optical cable is a first-class means of tactical communication.

In the field of optical detection, the use of quantum mechanics formulations applied
( to photodetection opens new theoretical avenues.

The use of a light source offering a coherent state & two photons (TCH could make it pos-
sible to gain approximately ten decibels on the signal/noise ratic necessary to detection,
( and, consequently, on the overall power of the link.

The possibility of producing and using a light source offering this coherence remains }
to be demonstrated experimentally.

i 4. I would like to add that, among the many papers presented on the occasion of this
meeting, most were related to advanced studies.

e e

. Although some of these papers had already been published, the fact that they were

., collected together, associated with their oral presentation and the ensuing discussions,

- shed some light on the participants' and observers' knowledge and will lead to a better
understanding of new topics and to a stimulation of progress.

In these Conference Proceedings, the papers have been arranged by sessions. At the
end of each Session the reader will find the participants' questions and comments,
then the summary and conclusions of the Session Chairman or his substitute, such as
they were presented at the Round Table discussion.

N
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e

% In conclusion, we can state as a certain fact that optics 1s now a most promising
field of research.

P Halley

Capitaine de Frégate honoraire
12 rue du Docteur Kurzenne
78350 Jouy en Josas

France
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INTRODUCTION
de

l'Editeur

1. La réunion technique "Special topics in optical propagation" tenue d Monterey, Californie, Etats-Unis,

avait pour but de passer en revue les nouveaux points de la connaissance, techniquement exploitables,
1 : et les nouveaux points du développement dans le domaine de la propagation et de l'appareillage opti-
ques, qui ont une application militaire directe pour les commnications et la reconnaissance.

Dewx sessions ont été dévolues 4 la reconnaissance, d partir des satellites de surveillance du trafic ;
océanique : la seggion III sur "Les effets de la haute atmosphére (théo:ie et expériences)” et la ses—
’ ston VI sur "L optique adaptative'.

Une session a été dévolue aux ccmmamications stratégiques et, plus particuliérement, aux commnications

avec les sous-maring en immersion, qui dépendent de la propagation : La segeion I.

Les mesures ont été rassemblées en session II et l'appareillage, les sources lasers, filtres spéciaux,

. ete ..., en sesston IV.

Les pointe nouwveaux sur la propagation optique concerment :

l'aitr, pour l'atmosphére supérieure,
l'eau, pour le transfert radiatif,
le verre, pour les effets non—lindaires.
La transmigsion optique entre un satellite et wne plateforme immergée fait appel d ces résultats.

2. Dans son discoure d’ouverture du symposium AGARD-EPP "Electromagnetics of the Sea", tenu 4 Paris en

1970 (voir AGARD C.P. 77), monsieur e Vice amiral O'GRADY de l'Etat Major de l'U.S. Navy, sollicitait C

{ l'activité du comité de propagasion des ondes électromagnétiques de l'AGARD, afin que soient recherchés
des moyens non-acoustiques de surveillance de la mer et notamment des moyens e. m. de détection et de

localtsation des sous—-marins.

La réunion technique AGARD-EPP "Optical propagation in the atmosphere” tenue d Lyngby (Danemark) en
1975 (voir AGARD-C.P. 183) et la réunion technique qui vient d'avoir lieu d Monterey, comportent des
réponses partielles ou des éléments de réponses d la sollicitation du Vice amiral O'GRADY.

TSRERT PRI

Il convient toutefois de souligner que, 8i le degré de notre connaissance de la propagation optique
dang 1'air est ratsomnablement satisfaisant, tant par la compréhension des phénoménes que par leur mo-—

.

o

2 vt

délisation, le calcul des résultats et leur accord avec l'expérience, il n'en est pas de méme pour la

propagation optique dans l'eau, domaine de recherche récemment ouvert, ol l'activité gcientifique et

23

technique ne 8'est développée que depuis quelques décennies, alors que la recherche optique dans l'air

dure au moing depuis le début de l'optique ingtrumentale,

D’autre part, l'expérimentation dans l'eau des mers et l'acquisition d'une masse suffisante de données
de qualité sont certainement plus pénibles et plus cofiteuses que dans l'air. Un tréds important effort
devrait étre fourmi, car, du point de vue de la propagation de la lwmilre et par la présence de sour—
ces de bruit, l'eau de 1'Océan est heaucoup plus variable, en fonction du lieu, que l'air de l'atmo-

sphlre.

it v o B ¢

Beaucoup reste d faire. Cependant, on sait déjd qu'il y a des possibilités de transmiseion intéressan—

- .

: tes, lorsque les conditions sont favorables dans l'eau et, 8t nécessaire, dams l'air. Le but est, bien

) i gir, d'dtendre ces possibilitds d des conditions moins favorables et de préciser les limitations natu=—

relles.




i
O 3. Par ailleurs, la réunion de Monterey a fowrmi diverses contributione importantes dans les domaines de i
la propagation optique, des sources laser dans le bleu-vert, de la détection sur les fibres optiques

et swrtout des effets non-linéaires. i

- Rappelons 4 ce propos que l'emploi du laser a permis d'obtenir dans la matilre des champs électriques
d'une intensité comparable Q celle du champ intra-atomique, 8oit environ 1010 V/m et de provoquer une
polarisation non-linéatire, dans les milieux non ferro-électriques, soit dans la masse de cristaux ‘
ou de corps amorphes, soit dans dee fibres optiques 4 coeur golide ou liquide.

Ainst, la technologie de ces effets non-lindaires et notamment de la diffusion Brillouin et de l'effet
Raman stimulé s'est développée au cours des dermiéres anndes fvoir "Fiber and integrated optics”

Nato advanced study institute series : B4l (1978)/. Elle a permis une bonne compréhension des phénomé-
nes physiques qui sont mis en jeu et la présentation d'une théorie confirmée par l'expérience.

r Parmi les différents résultats obtenus, celui qui paraft le plus important et le plus stimulant pour
1'imagination, est la réponse en conjugaison de phage,soit par rétrodiffusion Brillouin, eoit par mé-
lange de quatre ondes, dégénéré.

Pour eaprimer la chose sommairement, disons que le milieu, qui regoit le champ de pulsation w et d'ex—

pression : E = R, [w (.t,y,z)eawt-l produit le champ :

_ x Juwt| - -Jjwt
Ep.c. =R, [w (x,y,2)e J £ R, [w;c,y,z)e ]

ou y* est l'imginaire conjugué de V. D'ou l'appellation de "réflexion par conjugaison de phase spatia-

le". L'onde réfléchie revient sur le chemin de l'onde incidente.

Pour le moment, de fortes réflectivités ont été obtenuee d de faibles demsités de puissances, sur des
échantillons de petites dimensions. Ce n'est que le début du travail, maig la perspective est trés

stimulante.

Pour la production de l'énergie nucléaire de fusion, l'activation par échauffement de petites billes ma-
térielles, contenant un mélange de deutériun et de tritiwm, pourrait utiliser des faisceaux lumineux

u.v., trés intenses, automatiquement pointds sur la bille, par conjugaison de phase, d partir de la lu-
miére émise par la bille elle-méme. Pour la transmission de l'énergie solaire, entre une station 8patia-
le et une station terrestre, le faisceau trés intense serait automatiquement pointé sur la station ter—
| restre par le signal de sondage émie par celle-ci et renvoyé, amplifié, par la station spatiale, exacte-

ment sur le méme trajet.
i Ainsi, l'optique non-linéaire paraft potentiellement capable, q terme, de résoudre de nombreur problémes
d'adaptation.

) = En chimie-pollution, la reconnaissance et le dosage de polluants tels que 50, ou les oxydes d'azote
dane l'atmosphére peut Etre effectude d distance, en temps réel, par des moyems optiques pour la pro-
tection de l'environnement et la défense.

Ces méthodes exploitent l'interaction de la lwmiére d'un laser avec les molécules atmosphériques pour

obtenir, 4 distance, la composition.

- Les fibres optiques 8'ouvrent d de nouvelles possibilités dans une nouvelle bande au voisinage de
1 600 nm, qui, 8i les espoirs sont confirmés, permettra d'espacer de 100 km, ou davantage, les répé-

teurs sur les cdblee pour les commun-.cations sous-marines ou terrestres.

Noter que les fibres et les cdblee optiques préeentent une grande sécurité de transmissiom, par 1'in-
vulnérabilité au brouillage et la difficulté extréme de l'interception. Ces avantages, qui sont d

Jjoindre & beaucoup d'autrze, font du cdble optiquc wn moyen de communication tactique de choix.




- En détection optique, l'emploi des formulations de la mécanique quantique, appliquées @ la photodétec-
tion, ouvre de nouvelles perspectives théoriques.

i L'emploi d'une lwmilre présentant un état cohérent & deux photone (TCS) pourrait permettre de gagner
une diaaine de décibels sur le rapport signal & bruit réceseaire & la détection et, par conséquent,
sur le bilan de putssance de la liaison.

Il reste d montrer expérimentalement, la possibilité de produinz une lumiére présentant cette cohéren-
ce et 4 l'utiliger.

4. J'ajouterai encore que la réunion a comporté la présentation de nombreuses communications, dont la plu-
1 part étaient relatives d des études de pointe.

3 ' Bien qu'un certain nombre de ces communicationg aient déjd fait l'objet d'articles publiés, leur ras-

o i M I D e Y

semblement, associé d la présentation orale et 4 la discussion, a permis d'éclairer les connaissances
1 des participants et des obgervateurs, pour une meilleure compréhension de sujete nouveaux et la stimu—
lation du progrés.

Dans le présent compte rendu, le lecteur trouvera les commmications groupées par sessions. A la fin
de chaque session, sont rassemblées les questions ei les commentaires des participants, puis les ap-
préciations et conclustons du président de session ou de son remplagant, telles qu'elles ont été pré-
sentées d la discussion de table ronde. :

Une chose egt certaine : L'optique est actuellement un domaine de recherche des plus prometteurs.

Pierre HALLEY

Capitaine de Frégate honoraire
12 rue du Docteur Kurzenne
78350 Jouy en Josas

France




OVER-THE~HORIZON OPTICAL SCATTER
PROPAGATION IN THE MARINE BOUNDARY LAYER
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SUMMARY

Measurements of the scattering properties from normal marine atmospheric
aerosols for an Over-The-Horizon (OTH) optical propagation channel has been made
for tw links: The first link involves an overwater range of 63 km with 19-km
and 40-~km horizons; the second involves an overwater range of 128 km with a
19-km horizon. Pathloss measurements as a functlon of transmitter-receiver
azimuth and elevation angles fcr a 0.51 ym Ar-ion CW laser, and a 1.06 um and
«53 um frequency doubled pulsed Nd:YAG laser are reported. Examples of atmos-
pheric ducting are shown with an accompanying large increase of signal and
severe scintillations. Two theoretical models are presented, one based on
particulate single scatter and the other based on particulate multiple scatter.
Comparison between models and the experimental results are made.

1. INTRODUCTION

The use of optical frequencies for communication applications is being
pursued in a wide variety of propagation channels in the atmosphere, space, the
marine boundary layer and underwater (HOWARTH, 1977; KARP, 1976; MOORADIAN,
1974). The application of the optical scatter channel for atmospheric communi-
cations has yet to develop within the optical communication community (CURCIO,
1964). Indeed with few exceptions, most atmospheric laser communication systems
are designed for solely line-of-sight operation and consider any interaction
with particulate media as degrading (BUCHER, 1973). Unfortunately, there is
good basis for this opinion. Recent experimental work (MOORADIAN 1980) has
shown varying but never negligible degrees of spatial, angular, and temporal
degradation of initial laser characteristics after propagation through clouds,
fog, or extended atmospheric paths. The possible utility, however, of atmos-
pheric aerosols or cloud bottoms for Over-The-Horizon (OTH) communications in
practical applications will hopefully alter this impression (MOORADIAN 1976,
1971). The purpuse of this effort was threefold: (1) to describe the perfor-
mance of two multiwavelength OTH laser links, one with an overwater range of 63
km (19-km and 40-km horizons) and the other with a range of 128 km (19-km
horizon); (2) to describe tw associated OTH propagation channel models - one
based on particulate single scatter, the other based on particulate multiple
scatter; and (3) to compare experimental results with theoretical predictions.
A complete and thorough theoretical and experimental description of the OTH
optical propagation in the marine boundary layer is given in the Applied Optics
paper (MOORADIAN, 1980) and will not be reported here. Instead the results are
summarized with detalils left for the reference.

2. ELOS OPTICAL COMMUNICATIONS

The ELOS (Extended Line-of-Sight) optical communications system utilizes
optical aerosel scatter in the marine boundary layer to provide low to moderate
data rate communications over-the-horizon ranges of 30 to 300 miles. The driv-
ing requirement 1s an over-the-horizon communication capability without use of a
relay (MOORADIAN, 1976).

Over-the-horizon optical propagation can occur by a number of different
physical mechanisms. For example, anomalous refractivity gradients and
structures in the marine boundary layer and above can result in refractive pro-
pagation beyond the geometric horizon (i.e., the horizon computed neglecting
refraction), where such propagation manifests itself in the form of either
atmospheric ducting or simple downward curvature of the initial beam. The
lattec circumstance, experienced when the refractivity falls off monotonically
and approximately linearly in height, can be accommodated analytically by the
effective earth radius concept wherein rectilinear ray paths are used. The
result {s that the earth's radius is imagined to be somewhat larger than {ts
initial value by an amount that increased as the magnitude of the surface
refractivity gradiant increases. Thus, it is important to appreciate thar, in
some situations apparent OTH propagation is not so in fact, because the horizon
is being miscomputed based either on underestimating or ignoring the surface
refractivity gradient.




- S ; ) B

In this study only bona fide OTH propagation was considered. That 1s, only
propagation beyond the true optical horizon as computed taking refractivity
fully into account. This 18 not to understate the importance or refractive
effects in the atmosphere but rather to emphasize the physical scattering

0 process under investigation. Hence, such propagation, by definition, can occur
naturally only through scattering by atmospheric aerosols or clouds
(DEIRMENDJIAN, 1969).

A detailed, comprehensive analysis of ELOS propagation has been completed
addressing the follcwing (MOORADIAN 1976): relative contributions from single
and multiple scattering (as a function of range), wavelength dependence, verti-
cal exponential decrease in aerosol concentration with altitude, effects of
refraction, general meteorological parameters (e.g., temperature, humidity, wind

! speed) multipath time spread, etc. Figure 1 i1llustrates the performance of two

different data communication links in an OTH marine environment. The upper

curves give maximum communication range as a function of wind speed and visibil-
ity for a teletype data link (75 bits/sec) using the single scatter propagation
model. The lower curves depicts maximum communication range as a function of
wind speed and visibility for a digital woice link (2400 bits/sec) using the
same model. Pertinent system parameters are indicated in the figure. A typical
condition of visibility 20 km, wind velocity 5 m/s, and relative humidity of 80%

. (MCDONNELL DOUGLAS, 1968, NICODEMUS 1972) indicates a volce communications range
of 148 km (2400 BPS), and a teletype range of 187 km (75 BPS). This assumes
only a modest 10 watt average power Nd:YAG laser employing pulse interval
modulat’on of approximatly 10 bits-per-pulse.

3. OTH PROPAGATION AT 63km RANGE

i In order to perform any quantitative comparison with the above cited models
and gather enough data to determine system feasibility, it was necessary to
determine the following optical scatter channel characteristics during each
experimental run: (1) the integrated pathloss over the range; (2) the angular
}_ brightness distribution of the source as seen by the receiver, and (3) the
) magnitude of the pulse stretching. These propagation parameters depend
critically on both the atmospheric visibility and the elevation-azimuthal angles
of the receiver and secondarily on the aerosol size distribution in the path.
In this section, the recent experimental results derived from an OTH propagation
link between San Diego and Oceanside, California will be described. For this
experiment, the integrated pathloss (recefved power divided by transmitted
power) was measured using the 514.5-nm line of a 1-W Ar-ion laser and the 532-nm
and 1.06 um lines of a Q-switched Nd:YAG laser. In the latter both wavelengths
transversed the identical propagation path, i.e., if refractive dispersion could
be ignored.

The initial scattering channel selected was a 63-km path, almost all of
which 1s over the ocean. The transmitter was at NOSC in Point Loma. The

‘. receiver was on the beach at the Marine Base at Camp Pendleton. The geometric
‘ horizon was 40 km from the transmitter for the CW experiments and 19 km for the
pulsed.

{ b4a EXPERIMENTAL RESULTS

The experimental vesults for the 63 km link can be summarized as follows:

- For visibilities greater than 10 miles, the path loss was nominally
.-100 dB to -120 dB (10 log ;o of the power received divided by the
peak power transmitted) 3

! - Apparent angular source size was very small (<0.25°) indicating very
> . highly peaked forward scattering (WELLS 1977)

> =~ When atmospheric ducting occurred, approximately 100 times more optical
energy was received and severe scintillations were observed (>10 dB)

i~
4 i = Without ducting, almost no amplitude fluctuations were observed (<1 dB)
due to scattering volume aperture averaging

: - Path loss at 1.06 4 wag 20 dB less than at 0.53p (i.e., the reduced
scattering coefficlent at 1.06 p dominates the increased forward
scattering phase function at 0.53 pudue to the exponential atmospheric

*
‘.i attenuation)
.

The single scatter model appears to be in better agreement with the
experimental data than the multiply scatter model, though this is not
conclusive
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- No evidence of pulse dispersion of the 20 ne pulse was observed at
either 1.06 yor 0.53 p (STOTTS, 1978)

- No enhancement of received signal with increased transmitter elevation
angle was observed

= Electrical signal to noise ratios >90 dB have been measured at 1.06 g
(day) with a Nd:YAG laser of ~0.05j/pulse.

-~ The scattered beam is very sharply peaked in the forward direction
(nominally =20 dB at 0 mrad off-axis in azimuth) and falls off more
rapidly in azimuth than elevation when there was vertical structure in
the aerosol concentration)

Se OTH PROPAGATION AT 128 km RANGE

The following data was also taken over a Pacific Ocean link, but the ground
range was increased to 128 km. The transmitter was located on the seaward side
of Point Loma (NOSC) at a height of 37 m above the water; the receiver was
located on the northern tip of San Clemente Island at a height of 10 m above the
watar. The experimental setups are similar to those of the 63 km link with the
following modifications:

(1) replacement of the Nd:YAG pulsed laser source with one of higher peak
power (5 MW vs.~0.8 MW); (2) a Tektronix 7834 storage scope at the receiver
instead of the Biomation digitizer; (3) increase of the receiver's diameter from
20 cm to 39 cm; (4) two receiver field-of—wviews (8 mrad and 35 mrad).

The experimental results for the 128 km link can be summarized as follows:
- Path loss measured was nominally -~115 dB to =135 dB.

- Apparent angular source size (~1°) was approximately four times larger
than at 63 km.

- Significant pulse stretching was not observed (<60 ns) and was less
with the 8 mrad receiver field-of-~view than with 35 mrad.

- Electrical signal to noise ratios of 35 dB were measured during day
time.

- Signals fell off more slowly with angle at 80 miles than at 40 miles
in both azimuth and elevation.

- Single scatter theory appears to hold.
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MULTIPLE SCATTER OF COLLIMATED IRRADIANCE )

W. H. Wells, J. Harris, H. C. Lin
Tetra Tech, Inc., 630 North Rosemead Boulevard, Pasadena, California 91107

ABSTRACT

Using the method of spherical harmonics, we investigate multiple
scattering of incoherent light (or other particles) in an opti-
cally thick medium with a plane surface. We report techniques

that are particularly useful when scattered radiance has a for-
ward peak that generates harmonics of very high degree. Conver-
gence of computations hinges mainly on the small number of har-
monics in the backscatter and not so much on the large number in
the incident and forward scattered light. The method uses annihi-~
lation operators to improve the solution by removing eigenfunctions
that propagate the wrong way. Backscattered radiance at the sur-
face may be calculated without solving for interior radiance. .

The problem of radiative transfer by multiple scattering in a homogeneous medium has been
treated by several mathematical techniques. Prieur and Morel ([1973] have reviewed several of these, and
Davison and Sykes [1957] have made an extensive review of similar techniques from the old literature of i
neutron transport. ;

Unlike diffusion approximations, the method of spherical harmonics gives detailed radiance
distributions whose precision is limited only by the effort expended in computation. We report new com-
putational techniques for an optically thick medium with a plane surface at z~0. The method 1s particu-
larly useful when scattered radiance has a forward peak and thus requires many harmonics to represent its
distribution. That 1s, the incident light is quite well collimated, and the scattering function is suf-
ficiently pointed to preserve high harmonics beyond the first scatter. We treat the case in which the
radiance is uniform in the x-y plane parallel to the boundary. Sections 1, 2 and 3 develop the theory.
Section 4 relates it to some previous work, and Section 5 describes a numerical example.

1. GENERAL FORMATION

The medium in question is characterized by absorption rate a and scattering function 0: a
gives fractional loss of light per unit length along any ray, o(y) gives the fraction scattered per unit
length per unit solid angle in the direction § from the ray (independent of the azimuthal angle around

the ray). Let Sn denote spherical harmonics of O:

o) =¥ B s p (cosv), (6
n=o
S = o(y) P (cosy) duw , (2)
n _/s-phere n v

where P_ is the Legendre polynomial. Let o denote the total beam attenuation rate, and s the total scat-
tering constant So:

a=a+s8,8=8 (&) ﬂ

so that the power lost from a collimated beam of light in the r direction is dP = -aPdr, and P = Poexp(—ar).

The angular distribution of light, i.e. radiance L, 1s in general a function of time, measure-
ment position r, and direction of observation Q. It gives power per steradian in direction  per unit
area perpendicular to Q. In our case, L(t,r,Q)-—>L(z,6,¢) since we specialize to the case in which L
13 independent of t, x, and y, and  is specified by spherical angles, which permit expansion in harmonics ]
L .

i
L(z,6,0) =¥, o+l , fn-m)! L:(z)P:(cose) cos mo, (4)

n<h 41 “m (n+m)!

m m
Ln(z) -/;phe}.éz,e,m}’n(cose) cos md dw,

1, m=20

2. m >0, dw = sinb d6 d¢ .

where 2 = {
m

Here we have assumed that ¢ is measured from a plane of symmetry; for asymmetric cases, terms in sin mé
must be included. In terms of these harmonics, the well-known Boltzmann equation for radiative transfer is

(nmtl) Lo 0+ (ndm) L7 0+ (2041) ALY = 0, (6)

where L° denotes dL/dz, l: £ 0, and

-1

A =
n
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The two limits follow from Eq. (3) and S_= 0; the latter in turn follows from Eq. (2). A later discussion
shows that A may be interpreted more or less as the decay rate of the nth harmonics L (z). The limit A

= & means thet high harmonics decay at the same rate as a collimated beam. However, £8r moderate values
of n the harmonics are unaffected by scattering angles less than the size of their lobe structure, and so

the decay rate An i3 correspondingly less.

The form of Eq. (6) obviously suggests an exponential solution:
m -kz
L=c e, (8)

Substitution gives

(n-mt)C) )+ (i) Ch | = (2041) (A SO, (9

where q:—l S 0. This equation couples different values of the subscripts, but the superscript m {: the
same throughout. For this reason we shall omit m in nearly all the equations that follow with the under-
standing that everything except A and z depends on m. Equation (9) is an eigenvalue equation for the
decay rate k., Solutions of inter@st have positive k (so that L(®) = 0) and eigenvectors C (with elements
C ) such that Cn—HPO as n=%». In all cases, k 18 real (as can be proved by the standard method of
Appendix A in Reference 9); i.e. there is no oscillating solution, which is fortunate because the search
for k described below would be difficult to implement in the complex plane. Moreover, the ith eigenvector
C(i) has 1-1 sign changes before decaying to zero (see Appendix C of Reference 9).

The best way to find the ith eigensolution is to choose an arbitrary normalization, say
Cm ) = 1, guess a value for k_, and iterate Eq. (9) as a recurrence relation in C_ until it is apparent
tﬂég Cg—h-i », which merely in&icates that the guess for k was not exact. Next adjust the trial value of
k,, smaller if C changed signs i times or more, larger if otherwise. Repeated trials using a suituble
seéarch pattern converge on the critical eigenvalue such that C ~—® 0. (There is considerable precedent
for truncating Eq. (9) by putting C = 0 and solving as a fiﬂgél matrix eigenvalue problem, but this is

less accurate and more difficult.) N+l

The general solution of Eq. (6) is a linear combination of eigensolutions:

L(z) =251C(1) exp(-k1 z), (10)
i

where L (like C) denotes a column vector of components L . There are two problems in using this result.
First, it requires a large number of eigensolutions, par?icularly with collimated illumination that re-
quires many spherical harmonics. Unless 0(¥) contains unusual off-axis peaks, L (z) merely decays quite
uneventfully and should be expressable in only one or two terms. n

in The second problem gith Eq. (10) concerns boundary conditions. At z = O, the incident light
L77(0,08,¢) 1s given. Actually L™ denotes light barely inside the scattering medium since surface effects
(refraction, reflection, roughness) are nggcﬁhe subject of this paper. However, there is additional back-
scattered radiance (diffuse reflection) L that complicates the initial values because it is not given,
but rather 1is part of the solution:

back

1(0,0,8) = L1%(8,0) + L"2%%(0,0). (11) ]
In these terms, the surface boundary condition 1is
1*2¢k(6,0) = 0, 6 < /2, (12) {

which is not easy to apply in terms of spherical harmonics because these functions are orthogonal on the
whole sphere, not the hemisphere of Eq. (12). Reference 2 discusses conventional solutions to this pro-
blem, Section 2 gives ours.

The condition at the far boundary is simple for an optically thick medium, namely L(x) = 0,
which 1s already satisfied by choosing positive k for Eqs. (8) and (10). For finite thickness Z we would
have L(2,0,¢) = 0, n/2 < 6 < m,

The following two sections describe our technique for simplifying the problems just described,
the boundary condition in Section 2 and the complexity of Eq. (10) in Section 3.

2. DIFFUSE REFLECTION FROM THE BOQUNDARY

In this section we find the boundary values Lp(0) given the 7. rident light Lin. This accom~-
plishes two things. First, it gives the diffuse reflection Lback by Eq. O sithout the necessity for
finding the interior solution for all z. Second, it facilitates the interior solution also by supplying
the initial values for the differential equation, Eq. (6).

The index 1 in the general solution, Eq. (10), can be assigned in any way, so let positive 1
denote eigenfunctions with positive k, and negative 1 denote negative k. Segregating these terms in sep-
araLe sums gives

L(z) -1}5 B,Cyyexp(-k,2) +§15_1C(_1)GXp(+|k_1|2). (13) ]

As mentioned before, a valid solutfion requires that the second sum vanish, i.e. all coefficients B_ = 0,

because the positive exponentials violate the boundary conditions as z—» =. However, Eq. (13) shoiis the
second sum anyway,so that we can discuss an iterative solution in which these invalid eigenfunctions




